Abstract FTIR imaging of individual cells is still limited by the low signal-to-noise ratio obtained from analysis of such weakly absorbing organic matter when using a Globar IR source. In this study, we used FTIR imaging with a synchrotron radiation source and a focal plane array detector to determine changes in the cellular contents of cryofixed cells after culture for 48 h on Si 3 N 4 substrate. Several spectral differences were observed for cells deprived of glucose compared with control cells: a lower amide I-toamide II ratio (P<0.01); a different secondary structure profile of proteins (obtained from amide I spectral region curve fitting), with a significant increase in non-ordered structure components (P<0.01); and a higher ν(C0C-H)/ ν as (CH 3 ) absorption ratio (P<0.01), suggesting increased unsaturation of fatty acyl chains. Therefore, our study has shown that FTIR imaging with a synchrotron radiation source enables determination of several spectral changes of individual cells between two experimental conditions, which thus opens the way to cell biology studies with this vibrational spectroscopy technique.
Introduction
Among the analytical techniques able to provide global information about a sample, those based on vibrational spectroscopy, mainly Fourier-transform infrared (FTIR) and Raman, have been shown to be useful for biological studies. From molecular assemblies [1, 2] to biological samples [3] [4] [5] , FTIR spectroscopy setup as microscopy [6] or as an imaging technique [7] is now widely used in research laboratories and is starting to be implemented routinely in clinics [8, 9] . However, FTIR imaging of biological samples requires rapid spectral acquisition for in-vitro or invivo applications [10] and high signal-to-noise ratio (SNR) for further spectral data treatment. Recently, it has been shown that FTIR imaging with a synchrotron radiation (SR) source results in a higher SNR than use of a Globar source [11] , thus enabling better lateral resolution and/or higher sensitivity [12] . Pioneering studies demonstrated that cell biology could be investigated with unprecedented spectral quality and with short acquisition times, i.e., minutes. Globally, it was demonstrated that the intensity of IR absorption of amides (1700-1500 cm −1 ), saccharides (1150-950 cm −1 ), and fatty acyl chains (3020-2800 cm −1 ) was higher when using the SR source and the SNR was one order of magnitude higher, thus resulting in much better spectral quality [13] . This was achieved by combining use of a SR source with appropriate management of a focal plane array (FPA) detector (reduction of the number of pixels in the array to 32×32 instead of 64×64 or 128×128 to fit the dimensions of the SR source spot on the detector) [14] . Analytically, therefore, SR-FTIR imaging is now suitable for cell biology investigations [10] . The next step toward functional FTIR imaging is to extract spectral information from samples to show the potential of the technique as a chemical and/or molecular probe of cells. More specifically, considering that FTIR spectroscopy is, in essence, a technique for probing the molecular functions of a sample, FTIR imaging data treatment for biosamples should primarily focus on molecular recognition of sample contents or structural biochemistry of large molecules, for example proteins. The purpose of this study was to show that SR-FTIR imaging can be used to distinguish between two biochemical states of cells by extracting spectral information belonging to the most important molecular contents of samples. We used cells cultured for 48 h directly on Si 3 N 4 as substrate and analyzed in transmission under two different conditions, control and energetically deprived (low glucose content). We also applied curvefitting procedures to different spectral regions for analysis of protein and fatty acyl chain structure changes.
Materials and methods

Cell culture
As previously described [14] , a dedicated cell-culture method has been set up to enable molecular analysis by FTIR imaging. The cell line used to test the culture method was the human cerebral microvascular endothelial cell line hCMEC/D3 [15] ; these cells have the potential to undergo tubule formation (during blood capillary sprouting), and thus have numerous cell junctions. Cells were grown in DMEM/F-12 medium supplemented with 10 % foetal calf serum, 1 gL −1 glucose, glutamine, and antibiotics. Cells were routinely propagated in a humidified 5 % CO 2 atmosphere at 37°C (Heraeus incubator BB-6060). Serum-free culture was performed in accordance with methods reported elsewhere [16] . The serum-free medium consisted of a basal medium supplemented with 25 μg mL −1 HDL, 5 μg mL (energy deprivation) glucose (named low-Glc).
Cell adhesion on the substrate was estimated by counting 2×2 mm 2 areas, and cell toxicity was evaluated by measuring LDH activity as an indicator of cell viability after 18 h (TOX-7 assay kit; Sigma-Aldrich, France), which was set at 20 % for positive.
Substrates were rinsed from 3 to 5 times with PBS and residual fluid was removed by capillary action, by use of blotting paper for a few seconds. Samples were immediately placed in polycarbonate airtight tubes and plunged into piled carbon dioxide ice for instant freezing. This freezing method with carbon dioxide ice (−80°C) was preferred to isopentane-liquid N 2 flash freezing (−170°C) to preserve the integrity of the thin and fragile Si 3 N 4 windows (0.5 μm thick). Tubes were further placed into a freezing chamber with a dry laminar air flow set at −20°C. After a few minutes, i.e., when the tubes returned to the temperature of the freezing chamber, the tubes were maintained open for 24 h for sample dehydration (slow freeze-drying) to maintain cell morphology ( Fig. 1 ). Tubes were finally closed again before removal from the chamber to avoid deposition of atmospheric moisture on the samples induced by the rapid temperature change.
FTIR imaging
FTIR imaging was performed in a transmission for cell analysis (Fig. 1 ). Optical and FTIR images were performed with the ) [17] . N 2 purge was performed on both the microscope and the spectrometer to ensure optimum spectral acquisition (i.e. minimum atmospheric variation). The 32-pixels correlation mode of the FPA detector was switched off during IR image acquisition with the SR-IR source. The FPA detector was controlled to switch on only 32×32 elements (by using the WinIR software from Santa Barbara Focal Plane) to fit better the SR source dimensions at the sample location. A series of 87 individual cells were analyzed by use of a 15× magnification for a final image size of~85×85 μm ) spectral regions were performed as described elsewhere [3, 18, 19] for access to protein secondary structure and to ν(C0CH), ν as (CH 2 ), and ν as (CH 3 ) absorption of fatty acyl chains [17] . All results were expressed as mean ± SE. Comparisons of tumours (solid, diffuse) and healthy tissue were performed by multivariate analysis of variance (MANOVA; SPSS 15.0, SPSS, France) of results obtained from the integration, measurement of absorption ratios, and spectral curve fitting of the different spectral regions. P values of 0.05 were used to indicate significant differences between series of data.
Results
Cell viability
Cell cultures on Si 3 N 4 as substrate were found to be comparable with those grown under control conditions on conventional plastic Petri dishes (n012 substrates; 64±11 vs. 71±17 cells mm −2 ; r00.91, P<0.01). A lower rate of division, only 56±13 cells mm −2 , was observed for cells grown in low-glucose medium (significantly different from that under control conditions, P<0.05). Toxicity was negative under all conditions.
FTIR image acquisition
As shown in Fig. 1 , cells could be analyzed by FTIR imaging with a synchrotron radiation source after reduction of the FPA detector size to 32×32 elements to obtain final image dimensions of 85×85 μm, which was large enough for individual (i.e., non-confluent) cells. SNR at the nucleus location was 1067±93, and 408±44 at the cytosol location (n087 cells). Acquisition time for every IR image was 617 s (256 scans at 8 cm
) with a decrease in energy level between background and sample image acquisition of <10 % (221±18 vs. 204± 13 mA, respectively).
Spectral data treatment
The IR spectrum corresponding to nucleus location of every cell was selected for comparison of cell data between cell culture conditions. Tables 1 and 2 show results obtained for the different spectral regions corresponding to fatty acyl chains (3020-2800 cm −1 ), proteins (1720-1481 cm −1 ), and saccharides (1150-950 cm −1 ), as shown in Fig. 2 . Figure 3 shows details on curve-fitting performed on fatty acyl chain [19] [20] [21] and protein [22] [23] [24] [25] spectral regions (corresponding to results in Tables 1 and 2 ). It was found that low-Glc conditions induced a decrease in amide II absorption whereas amide I absorption remained equivalent between cell culture conditions. As a consequence, the amide I/amide II absorption ratio was significantly higher for low-Glc conditions (P<0.05). An inverse pattern of changes was found for fatty acyl chain absorption, with a marked increase in Use of synchrotron-radiation-based FTIR imagingν(C 0C-H) absorption (P <0.05) for low-Glc conditions whereas the ν as (CH 3 ) absorption was not modified. The ν(C0C-H)/ν as (CH 3 ) absorption ratio increased by one order of magnitude between control and low-Glc conditions (P< 0.01). Results from 1150-950 cm −1 spectral region integration were found to decrease by 27 % between control and low-Glc conditions (P<0.05). Spectral curve-fitting for the amide I region revealed all the secondary structure of the proteins (Table 2 and Fig. 3 ) and could be also used for discriminating between control and low-Glc conditions. Globally, it was found that α-helix absorption was reduced by 19 % whereas β-sheets and unordered structural components increased by 11 and 25 %, respectively (all significantly different from control conditions with P<0.05).
Discussion
Development of FTIR imaging for cell biology investigations started in the 90s with the advent of microscopes enabling x,y mapping of a sample in micrometric steps [6, 8, 26] . However, the very long acquisition time required for a single cell limited utilization of IR microscopes for cohort studies, which are normally required for a full cell biology study. The commercial release of IR imaging systems equipped with a FPA detector was thought to give a second life to cell imaging by IR. However, the very low photon flux obtained by such imaging systems equipped with a Globar source was limited interest for cell samples, which are primarily characterized by their low organic matter content, of the order of pg μm -2 . Use of a synchrotron radiation source was envisaged as rapidly overcoming this limitation, but the shape of the source spot at the sample location did not enable proper coverage of the FPA detector and decay of the photon flux between elements could be several orders of magnitude [11, 13] . The solution found was to reduce the number of elements on the FPA detector to make the detector size a better fit to the source dimensions. With a high current (1.2 to 2 A), IR image acquisition could be achieved within 1-2 min only. This short acquisition time enabled avoidance, as much as possible, of the lateral instability of the IR source at the sample location, thus reducing correlatively the noise in the final IR image spectra [14] . However, the current decrease between the beginning and completion of image acquisition was from 2.0 to 1.6 A under the best conditions, so spectra remained noisy and poorly suitable for sophisticated data treatment. Only a global study was possible for the spectral regions of interest. Curve-fitting procedures could not be performed, because small absorption bands could overlap or their shape could be modified by many noise bands. Therefore, no systematic study could be performed on series of cellular samples. In this study, the objective was to demonstrate that long acquisition time could be beneficial for obtaining better spectral quality of IR images of cells, even when using a synchrotron radiation source with low energy level. The MAX-lab MAX 1 IR beamline 73 is equipped with the Bruker Hyperion 3000 imaging system, which can be found on most modern ). Secondary structure was expressed as a percentage of total amide I absorption (Table 2) . Fatty acyl chain absorption bands were found centred at 3012 cm −1 for ν(C 0C-H), 2951 cm −1 for ν as (CH 3 ), and 2928 cm −1 for ν as (CH 2 ) Fig. 2 Example of FTIR spectrum extracted from the FTIR image of cell. Spectral regions used for FTIR image data treatment are shown on the spectrum synchrotron facilities. We used the same procedure as before for obtaining the best fit between the synchrotron IR source shape and FPA detector size, thus reducing the number of elements [14] . However, IR image acquisition was performed over longer periods, approximately 10 min. The lower synchrotron radiation intensity (250 mA for a photon flux of 10 ) combined with freeze drying of cell samples made spectral acquisition safe for the sample contents. Furthermore, because of the small current decrease (no more than 10 %) and a stable IR source spot at the sample location over a 10-min acquisition period, the SNR obtained for IR spectral images was high. Such a long scanning period does not enable real-time imaging applications, but the objective here was to obtain high-quality spectra for proposed advanced treatment of spectral data. The high SNR obtained in this study enabled use of a curve-fitting procedure on amide I and fatty acyl chain spectral regions without perturbation of small IR bands by noise. This was noteworthy for the 3050-2800 cm −1 spectral region of fatty acyl chains, in which the very weak ν(C0C-H) IR absorption band centred at 3012 cm −1 could be revealed, which is clearly a sign of spectral quality for biological samples analyzed by FTIR imaging or spectroscopy [19] . Therefore, the ν(C0C-H)/ν as (CH 3 ) absorption ratio could be determined, and this enabled study of the effect of low-Glc conditions on phospholipid oxidative stress [27, 28] . Therefore, for the first time with an FPA-based IR imaging system with an SR source, cells could be analyzed to determine molecular changes between two physiological conditions at the single-cell level. The other challenging data treatment to apply was determination of the secondary structure of proteins by using the very overlapping IR bands found within the amide I spectral region. Again, systematic curve-fitting of this spectral region requires use of spectra with high SNR to avoid abnormal band resolution or signal perturbation by noise [25, 29, 30] . Here, the seven absorption bands of the amide I spectral region could be systematically obtained from the IR spectra corresponding to location of the nucleus of cells. As previously reported [23, 31, 32] , changes in the secondary structure of proteins revealed abnormal cellular development because of energy deprivation as a result of low-Glc culture conditions. The significant decrease in α-helix absorption and concurrent increase in unordered structure absorption is a sign of global protein misfolding by the cellular machinery [33] [34] [35] . The third spectral region investigated was that of saccharides for the 1150-950 cm −1 region. It was found that IR spectra of cells grown under low-Glc conditions had lower absorption intensity for this spectral region, which corresponded to the lower glucose concentration in culture medium. Finally, all cells could be imaged by use of FTIR with an SR-IR source, and the main three spectral regions (proteins, fatty acyl chains, and saccharides) could be investigated to provide global molecular information about sample changes because of abnormal physiological condition.
Conclusion
Our study has shown that SR-FTIR imaging is now sufficiently efficient to enable analysis of the low organic matter content of small biological samples, namely individual cells, on the basis of their main molecular structures. A low energy storage ring with stable current level was used for long scanning periods to obtain a high signal-to-noise ratio in FTIR spectral images of cells, thus enabling use of sophisticated spectral data treatment. Importantly, curvefitting of the amide I spectral region could be performed for analysis of the secondary structure of proteins. Spectral regions of fatty acyl chains and the saccharide content of cells could be also investigated, thus providing a global overview of cell molecular changes between two physiological conditions. Therefore, this study demonstrated that SR-FTIR imaging is a suitable analytical technique for investigation of the molecules in cells.
